ABSTRACT: In a previous study, a major remodeling of lipids, consistent with the theory of homeoviscous adaptation, was observed in the juvenile hard clam Mercenaria mercenaria during a temperature reduction from 24 to -1°C. In addition, the lipid remodeling varied between genetically distinct lines of hard clams. The present study examined whether adult hard clams originating from different locations and a selectively bred variety show differences related to their genetic characteristics in the remodeling of lipids that normally occur during decreasing temperatures. Wild hard clams from 4 locations in Atlantic Canada and the selectively bred M. mercenaria var. notata were held at an aquaculture growout site located at the northern distribution limit of the species in the Gulf of St. Lawrence from August to December 2006. Gills were sampled monthly for lipid analyses. Hard clams from the 5 groups showed an increase in the unsaturation index, mainly attributable to 22:6n-3 and 20:5n-3 as temperature decreased during the fall, followed by an increase in the phospholipid to sterol ratio in December. Although hard clams from the wild showed a lower unsaturation index than the selectively bred clams, there was no effect of location on the lipid remodeling. This result coincided with low genetic differentiation among hard clams from the 5 groups. Interestingly, the levels of 20:5n-3, 20:4n-6 and 22:6n-3 -3 fatty acids obtained from the diet -were generally lower in the environment compared to the levels in hard clams, thus suggesting some mechanisms for the selective incorporation of these fatty acids in hard clams.
INTRODUCTION
In poikilothermic animals, temperature changes usually induce a remodeling of the membrane lipid composition to counteract the effect of temperature on membrane order. This phenomenon is often referred to as 'homeoviscous adaptation' (HVA; Sinensky 1974 , Hazel 1995 , Hayward et al. 2007 ). Remodeling of membrane lipids usually involves changes in phospholipid head groups, acyl-chain composition and cholesterol content (Hazel & Williams 1990) . Previous studies on rainbow trout showed that exposure to low temperatures led to rapid and transient changes in phospholipid head groups and monounsaturated fatty acids (MUFA) of kidney plasma membranes, whereas polyunsaturated fatty acids (PUFA) increased gradually during cold acclimation (Hazel & Landrey 1988a,b) . In the juvenile hard clams Mercenaria mercenaria an early transient increase in the phospholipid to sterol ratio is thought to be a short-term adjustment to a lowering of environmental temperatures, whereas the later increase in PUFA is viewed as a long-term adjustment to winter temperature (Pernet et al. 2006) .
Intraspecific variations in membrane lipid remodeling have been reported in hard clams Mercenaria mercenaria and eastern oysters Crassostrea virginica (Pernet et al. 2006 (Pernet et al. , 2008 . For example, the phospholipid to sterol ratio in wild hard clams increased transiently with the lowering of temperature, whereas it remained constant in the selectively bred M. mercenaria var. notata (Pernet et al. 2006) . Therefore, the capacity for adjusting the phospholipid to sterol ratio in response to environmental temperature may have been lost during the selection for fast-growing hard clams. Alternatively, the lipid remodeling that normally occurs during a decrease in temperature may vary as a function of latitude in ectothermic animals, reflecting local adaptation to environmental temperature.
The hard clam Mercenaria mercenaria is widely distributed from the Gulf of St. Lawrence (Baie des Chaleurs, New Brunswick, Canada) to the Florida Keys (USA). At the northern distribution limit, M. mercenaria is erratically distributed in warm, shallow bays or estuaries. Adult hard clams from Canada are genetically distinct from those collected in southernmost locations in the United States (Dillon & Manzi 1992) . The distribution pattern at northern locations and the genetic population structure of hard clams along the Atlantic coast of North America together suggest that local adaptation may occur in M. mercenaria.
Our present investigation examines lipid remodeling in the gill of adult hard clams from different locations and varieties exposed to declining temperatures. Briefly, wild hard clams from 4 locations in Atlantic Canada and the selectively bred Mercenaria mercenaria var. notata were held at an aquaculture growout site located at the northern limit of the species' distribution in the Gulf of St. Lawrence from August to December 2006. Over the course of this study, hard clams were exposed to a gradual lowering in temperature from ~23 to -1°C over 4 mo, during which gills were sampled for lipid class and fatty acid analyses. The underlying premise of the present study is that hard clams from northern locations show a much more pronounced lipid remodeling compared to that occurring in clams from southern locations, where temperatures are more stable ( Fig. 1 ; see Bricelj et al. 2007 for temperature profiles in the Gulf of St. Lawrence). Hard clams from the 5 groups were characterized genetically to investigate whether different patterns in lipid remodeling are related to their genetic characteristics.
Unlike studies that only focus on the thermal effects on membrane lipids, we also examined the dynamics of dietary lipids available in the environment. In marine bivalves, PUFA, such as 20:4n-6, 20:5n-3 and 22:6n-3, are essential for sustaining optimal growth (Langdon & Waldock 1981 , Webb & Chu 1983 for review). The biosynthetic production of these PUFA is insufficient to satisfy the nutritional requirements of bivalves, so they are obtained pre-formed from the diet. The comparison of PUFA between clam tissues and the environment allows one to determine if the increase in the proportion of long-chain PUFA that normally occurs during a temperature decrease is an active regulatory mechanism or a reflection of changes in the clams' food.
MATERIALS AND METHODS
Hard clams. Wild hard clams Mercenaria mercenaria used in this study were collected: (1) at 3 locations at the northern limit of the species' distribution in the Gulf of St. Lawrence (Canada), namely Tabusintac (Tb, 47°27' N, 65°00' W) Bouctouche (Bo, 46°49' N, 64°67' W) and Tatamagouche (Tm, 45°76' N, 63°35' W) (New Brunswick, Canada), and (2) at 1 location in southern Canada at St. Mary's Bay (St, 44°56' N, 65°85' W) in the Bay of Fundy (Nova Scotia) (Fig. 1) The notata adult clams in the present study belong to the same generation as the juveniles used in Pernet et al. (2006) . In the Gulf of St. Lawrence, seawater reaches temperature as high as 23 to 26°C during the summer and stabilizes at -1°C for 3 mo during the winter. In St. Mary's Bay, seawater temperature is only 15°C during the summer and varies between -1 and + 2°C during the winter (Bricelj et al. 2007 ).
Hard clams were transported to the Coastal Zone Research Institute (CZRI, Shippagan, New Brunswick, Canada), where they were held for a maximum of 2 wk in a 630 l tank continuously supplied with sand-filtered (12 mm) seawater. Clams from each location were screened for pathology and parasites by histology (n = 30 clams per location and variety). The average shell length was 49.9 mm, and the difference in shell length between the biggest (Tm) and the smallest (Tb) clam was ~29%. The remaining clams were marked with bee tags before being placed in the field.
Experimental design. Hard clams were transferred on 10 August 2006 to Bo, the northern distribution limit of this species (Fig. 1 ). Twenty-five hard clams from each location and variety were placed in 15 quadrats (125 clams quadrat . Each quadrat was buried in the upper subtidal zone and covered with predator-proof mesh (23.8 mm mesh size) that was held afloat with buoys. The replicated quadrats were at least 30 cm deep at low tides. Three clams per location and variety were sampled in 3 randomly chosen quadrats on each sampling date: 22 August, 18 September, 13 October, 11 November and 8 December 2006. Each clam was measured and carefully dissected to collect ~100 mg wet mass of gill, which was stored at -80°C in lipid-free amber glass vials with Teflon-lined caps under nitrogen in 1 ml dichloromethane for later determination of lipid composition. In addition, seston and sediments collected in each quadrat were also sampled for lipid analyses.
Environmental parameters. Seston was sampled by means of a 2 l horizontal water sampler from Wildco (Buffalo, NY, USA) as previously described (Carmichael et al. 2004 ). The water intake was located 2 cm from the bottom. Each sample was filtered on a 150 µm mesh size brass sieve and then collected on Whatman GF/F filters pre-combusted at 480°C. Filters were stored at -80°C in lipid-free amber glass vials with Teflon-lined caps under nitrogen in 1 ml dichloromethane for later determination of lipid composition. Sediments were sampled with a steel cylinder (dimensions: 3.6 cm diameter × 10.8 cm height), and the whole sample was stored at -20°C in lipid-free amber glass vials until lipid extraction. Temperature was recorded every half hour with a 8-bit Minilog-TR data logger (Vemco) at Bouctouche from August to December 2006. The data logger was anchored at a depth of 2 cm into the sediment. Genetic analysis. A small piece of muscle tissue was sampled from 60 clams from each location and variety. The samples were stored at -80°C at CZRI for later electrophoretic analyses of enzymes as previously described (Tremblay et al. 1998) . Briefly, ~0.2 g of muscle was homogenized in an approximately equal volume of homogenization buffer (0.2 mol l -1 TrisHCl, pH 8.0, with 30% sucrose, 1% polyvinylpolypyrrolidone, 0.1% NAD, 5 mmol l -1 dithiothreitol and 1 mmol l -1 phenylmethylsulfonyl fluoride), centrifuged at 15 000 × g for 30 min at 4°C, and the supernatant was applied to a horizontal cellulose acetate gel (Hebert & Beaton 1989) . Seven allozyme loci were analyzed: phosphate glucose isomerase (PGI*, EC 5.3.1.9), phosphoglucomutase (PGM*, EC 5.4.2.2), mannose phosphate isomerase (MPI*, EC 5.3.1.8), pyruvate kinase (PK*, EC 2.7.1.40), fumarate hydratase (FUM*, EC 4.2.1.2), isocitrate dehydrogenase (IDH*, EC 1.1.1.42) and leucyl aminopeptidase (LAP*, EC 3.4.11.1). Alleles were named A, B, etc., in order of electrophoretic mobility, such that the slowest allele was designated A. As a standard, a mixture of individuals containing all alleles present at each locus was used to identify genetic characteristics. Only 1 allele was observed at the loci MPI*, FUM* and IDH* (monomorphic); these loci are not considered further.
Lipid analysis. Lipids were extracted following the method of Folch et al. (1957) . Sediment was sonicated in dichloromethane/methanol/water (8:4:3 v/v/v), centrifuged, and the organic layer was removed. This procedure was repeated 5 times and the organic layers were pooled (Copeman & Parrish 2003) . Once extracted, lipids were spotted onto S-III chromarods (Iatron Laboratories Inc.) and separated into aliphatic hydrocarbons, sterol and wax esters, ketones, triacylglycerols, free fatty acids, free fatty alcohol, free sterols, diacylglycerols, acetone mobile polar lipids and phospholipids (Parrish 1999). Chromarods were scanned by a flame ionization detection system (FID; Iatroscan Mark-VI, Iatron Laboratories), and chromatograms were analyzed using integration software (Peak Simple version 3.2, SRI). Fatty acid methyl esters (FAME) from total lipids (mainly phospholipids) were prepared using 2% H 2 SO 4 in methanol (Lepage & Roy 1984) . Gas chromatograph parameters and the procedure for FAME identification and analysis have previously been described (Pernet et al. 2007b ).
Data analysis. Two different tests were used to estimate genetic differences between samples and variety. First, pairwise F st (Weir & Cockerham 1984) comparisons were carried out using the software GENEPOP 4.0 (Rousset 2008) . Second, allelic frequencies were compared using the exact probability test implemented in GENEPOP 4.0 (Rousset 2008) . Significance levels for statistical tests were adjusted according to the sequential Bonferroni procedure (Rice 1989) .
Two-way, split-plot analyses of variance (ANOVAs) were conducted to determine differences in lipid composition as a function of clam origin (location or variety) and sampling time. The unit of replication was the quadrat in which the clams from different locations and varieties were placed (n = 3 for each sampling date). The main plots were sampling date and the sub-plots were clam origin (location or variety). Dependent variables were the phospholipid to sterol ratio, the unsaturation index and the major PUFA, namely 22:6n-3, 20:5n-3 and 20:4n-6. Here, we used general linear model repeated ANOVAs. The need for repeated measurements arose because clams from different locations and varieties were placed in the same experimental unit (quadrat). These terms were combined with the covariance structure of the matrix to take into account spatial dependence (SAS Institute 2002). One-way ANOVAs were conducted to determine differences in the fatty acid composition of the seston and the sediment as a function of time.
Where significant differences were detected, Tukey's multiple comparison test was used. Residuals were tested for normality using the Kolmogorv-Smirnov test. When necessary, data were log + 1 transformed to achieve normality or homogeneity of variance. Homogeneities of variance were determined with Levene's test. Statistical analyses were carried out using SAS 9.1.3 (SAS Institute).
RESULTS

Temperature measurements
Seawater temperature decreased from 23 to -1°C over the study period (Fig. 2) . Overall, clams experienced a decrease in temperature of ~0.2°C d -1
. However, a marked increase in daily temperature from 3 to 11°C occurred between 8 and 18 November.
Genetic characterization
The genetic characteristics of each sample (e.g. allelic frequencies, observed and expected heterozygosities, conformance to Hardy-Weinberg equilibrium) are presented in Parent (2008) . The overall F st value among locations and varieties of clams Mercenaria mercenaria was 0.011 (p < 0.001), which indicates genetic differentiation among groups. Pairwise significant differences were detected between clams from Bo and and the Mmn stock (F st = 0.044, p = 0.002) and Bo and St (F st = 0.033, p = 0.002; Table 1 ). Hard clams from Bo and Mmn stock showed significant differences in their allelic frequencies for PK* and LAP* (Fisher exact test for each of these 2 loci, p < 0.001). Also, clams from Bo and St showed significant differences in their allelic frequencies for LAP* (p = 0.004). 
Lipid classes
Lipid classes detected in gills of hard clams in the present study were sterols, acetone-mobile polar lipids and phospholipids. Minor amounts of triglycerides (2.8%) were occasionally detected and are not discussed further. Acetone-mobile polar lipids, a lipid class that includes photosynthetic pigments, glycolipids and monoacylglycerols, showed no consistent pattern over time in clams from each location or variety (data not shown). Time and variety showed interactions in their effect on the phospholipid to sterol ratio, a variable generally considered as an indicator of membrane fluidity (Fig. 3) . In August, the phospholipid to sterol ratios of hard clams originating from the northern locations, Tb and Bo, were respectively 2.5 and 1.8 times higher than those from southern locations (Tm and St) and the variety notata (all pairwise comparisons, p < 0.001). In December, the phospholipid to sterol ratio of clams increased significantly for Bo (p = 0.001), Tm (p = 0.040), St (p = 0.002) and Mmn (p = 0.002) compared to levels recorded in November (Fig. 3) .
Fatty acids
Major fatty acids separated from the total lipid extracts of gills were 16:0 (17.6%), 22:6n-3 (16.5%), 22:2 non-methylene interrupted fatty acids (8.5%), 20:5n-3 (7.1%), 20:4n-6 (5.7%) and 18:0 (4.9%), which together accounted for 60% of the total fatty acids. The unsaturation index, which is the number of double bonds per 100 acyl chains, increased significantly for hard clams by 8.8% from September to November, when the temperature decreased from ~16 to 3°C, and remained constant thereafter. The unsaturation index was generally lower in wild hard clams compared to that of the selectively bred hard clams, irrespective of sampling time (Fig. 4A) . Variations in the unsaturation index were mainly attributable to changes in PUFA, which also varied as a function of time and variety of clam (Fig. 4B) . Individual PUFAs varied as a function of location and variety; there was no consistent pattern during the entire study period for 20:4n-6, which remained constant at ~5.5% (Fig. 4C ), whereas 20:5n-3 and 22:6n-3 increased from August to October and November, when these 2 fatty acids attained their respective plateaus (Fig. 4D, E) . The selectively bred hard clams showed higher levels of 20:4n-6 and 20:5n-3 than wild clams (Fig. 4C, D) , whereas 22:6n-3 showed a trend for increasing values in hard clams from northern to southern locations (Fig. 4E) .
The major fatty acids detected in the seston differed from those of hard clams, with the following percentages: 16:0 (18.3%), 16:1n-7 (10.9%), 20:5n-3 (8.6%) and 18:4n-3 (5.6%); the sediments were characterized by 16:1n-7 (25.4%), 16:0 (20.1%), 14:0 (5.8%) and 18:1n-7 (5.1%). The unsaturation index and the level of PUFA in hard clams were higher than those of the seston and the sediment (Fig. 4A,B) , and these differences were mainly attributable to 20:4n-6 and 22:6n-3 (Fig. 4C,E) . In contrast, levels of 20:5n-3 in hard clams were rather similar to that of the seston (Fig. 4D) . The unsaturation index and the level of PUFA in the seston and the sediment showed only minor changes during the entire study period. It is noteworthy that the sediment showed a very low level of 22:6n-3 (< 2%) compared to that occurring in the seston, where 22:6n-3 varied between 3.5 and 5.5% as a function of time.
DISCUSSION
The phospholipid to sterol ratio in hard clams Mercenaria mercenaria from northern locations (Tb and Bo) was initially higher than that of hard clams from southern locations (Tm and St) and the variety notata. Cholesterol affects the physical properties of membranes including their fluidity, phase behavior, thickness and permeability (Crockett 1998) . Some positive correlations between membrane cholesterol content, as determined by the cholesterol to phospholipid ratio, and acclimation temperature have been reported in several tissues of rainbow trout (Robertson & Hazel 1995) . A widely accepted notion is that cholesterol stabilizes membranes, i.e. it increases the order of the surround- , arachidonic acid (20:4n-6; C), eicosapentaenoic acid (20:5n-3; D) and docosahexaenoic acid (22:6n-3; E) in gill tissues of hard clams as a function of time and origin of clams (left and center panels) and in the environment (seston and sediment; right panels). The unsaturation index is calculated as the sum of the mol% of each unsaturated fatty acid multiplied by the number of double bonds within that fatty acid. Data from different locations and varieties or sampling time were pooled together when the effect was not significant (mean ± SE, n = 3). Different letters indicate significant differences. For site abbreviations see Fig. 1 . NS: not significant ing acyl chains in membranes in the fluid phase (Crockett 1998) . Although membrane fluidity was not measured, the higher phospholipid to sterol ratio in M. mercenaria from northern locations compared to that of clams from southern locations at the onset of the experiment suggests a specific role for sterols in the membrane's homeoviscous response as a function of location and variety. In contrast to our previous work on juvenile hard clams, where we observed a transient increase in the phospholipid to sterol ratio concomitantly with a lowering of temperature between August and October, likely as a short-term adjustment to a lowering of environmental temperatures (Pernet et al. 2006) , the phospholipid to sterol ratio remained constant in adults exposed to a similar decrease in temperature. Here, we hypothesize that the transient increase in the phospholipid to sterol ratio in response to environmental temperature was typical of juveniles. It has been suggested that the use of cholesterol as a modulator may not require any expenditure of ATP or reduced cofactors (Crockett 1998) . Therefore, modulation of the phospholipid to sterol ratio probably provides a metabolically less expensive mechanism of membrane remodeling than de novo synthesis of PUFA-rich phospholipids. Although speculative, regulation of the phospholipid to sterol ratio may represent an alternative to the selective incorporation of essential PUFA in small juveniles for which aerobic energy expenditures on a weight-specific basis are generally higher than those of adults (Koehn 1989) .
In contrast, the phospholipid to sterol ratio increased between November and December, while the temperature decreased from 6 to 0°C, which is consistent with a role for cholesterol in the membrane's homeoviscous response. Given that modulation of the phospholipid to sterol ratio requires less energy than does the modification of fatty acid composition, this mechanism may be viewed as a way of saving energy. It is noteworthy that hard clams were characterized by low levels of storage triglyceride in their digestive gland (< 5% of total lipids; authors' unpubl. data), thus suggesting that the energy reserves in these clams were low.
The unsaturation index in hard clam gills increased from September to November as the seawater temperature decreased from 21 to 6°C, irrespective of location or variety, as previously reported for the soft tissues of juveniles (Pernet et al. 2006) . The increase in the unsaturation index is attributable to changes in PUFA and, more particularly, to changes in 22:6n-3 and 20:5n-3. Although we did not measure membrane fluidity, these alterations in membrane lipid composition during cold acclimatization were consistent with membrane HVA. In several bivalve species, 22:6n-3 and 20:5n-3 are negatively correlated with environmental temperature (Hall et al. 2002 , Pernet et al. 2006 , 2007a ,b, 2008 .
The unsaturation index and main PUFA were lower in wild hard clams from Canada compared to those of the selectively bred Mercenaria mercenaria var. notata, which originates from Massachusetts (USA), as previously observed in juveniles (Pernet et al. 2006) . In this previous work, the lower unsaturation index in wild hard clams coincided with lower metabolic requirements, as predicted by Hulbert's theory of membranes as pacemakers of metabolism (Hulbert & Else 1999) . It is therefore likely that differences in metabolic requirements between strains of hard clam persist in adults. Differences in the unsaturation index and fatty acid composition between wild and selectively bred hard clams may reflect a biogeographic pattern, the selection for fast-growing clams, or both, as these 2 variables were confounded. It is noteworthy that there was no alteration in the lipid fatty acid composition in hard clams from the different locations tested in this study.
Interestingly, the unsaturation index and levels of long-chain PUFA in hard clam gills were markedly higher than those observed in both the seston and the sediment. Furthermore, the unsaturation index in gills increased markedly with a lowering in temperature, whereas it remained constant in the sediment and changed only slightly in the seston. Although certain long-chain PUFA, such as 20:4n-6, 20:5n-3 and 22:6n-3, are essential in bivalves and need to be obtained from the diet, these results suggest that the fatty acid composition of membrane lipids in bivalves is strongly regulated. Selective incorporation or elimination of certain fatty acids likely occurs in membrane lipids in bivalves, as has been previously suggested in other studies (e.g. Delaunay et al. 1993 , Soudant et al. 1998 , Pernet et al. 2005 . This suggests that the increase in long-chain PUFA in clams that occurs during a temperature decrease is an active regulatory mechanism that remains somewhat independent of the food.
In conclusion, the present study confirms previous findings: hard clams, like other bivalve species, change their lipid composition in a direction consistent with HVA when environmental temperatures decrease. In addition, the unsaturation index in wild hard clams was lower than that of the selectively bred variety, as previously observed in juvenile hard clams (Pernet et al. 2006) . Therefore, differences in the unsaturation index between strains of hard clams persisted in adults. For the first time, this study shows that the increase in long-chain PUFA in clams that occurs during a temperature decrease is an active regulatory mechanism that remains somewhat independent of available food. Finally, hard clams collected from dif-ferent sites in Atlantic Canada did not show the consistent differences in the remodeling of lipids that normally occur during a decrease in temperature; this coincides with the low genetic differentiation index among clams from the 4 selected locations. The latitudinal gradient used in the present study was likely not large enough to detect major genotypic and phenotypic differences. 
